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Abstract 


This  is  the  Final  Report  on  research  carried  out  under  AFOSR 
Grant  No.  76-2918  during  the  period  October  1,  1975  to  September  30, 
1980.  The  research  dealt  principally  with  the  ring  laser  and  the 
coherence  properties  of  laser  light.  Among  the  most  interesting 
discoveries  was  the  fact  that  a  ring  laser  can  simultaneously  emit 
one  beam  of  coherent  light  and  one  beam  of  incoherent  light,  and 
when  the  laser  is  homogeneously  broadened,  as  is  the  dye  ring  laser, 
microscopic  quantum  fluctuations  have  macroscopic  consequences  in 
that  they  cause  switching  between  two  modes.  The  research  resulted 
in  33  papers  published  or  in  press  and  1  book,  and  in  addition,  40 
lectures  describing  various  aspects  of  the  work  were  presented  at 
scientific  meetings. 


3. 


1.  Introduction 


This  final  report  covers  research  carried  out  under  the  general  heading 
"Competition  Effects  in  Lasers"  in  the  period  October  1,  1975  to  September  30, 
1980,  supported  by  AFOSR  Grant  No.  76-2918. 

During  this  five-year  period  the  work  resulted  in  33  research  publica¬ 
tions  in  technical  journals  (or  in  press)  in  which  AFOSR  stqjport  was  acknow¬ 
ledged,  and  one  book.  These  are  listed  together  with  abstracts  in  Section  3 
below.  Also  during  this  time,  40  lectures  describing  various  aspects  of  the 
research  were  presented  at  scientific  meetings  and  research  seminars,  and 
these  are  listed  in  Section  4.  Five  graduate  students  con^leted  Ph.D.  degrees 
with  partial  research  support  from  the  AFOSR  grant. 

2.  A  Brief  Review  of  Research  Accomplishments 

A  major  part  of  the  research  was  devoted  to  an  understanding  of  the  ring 
laser,  and  to  answering  the  question  how  competition  between  counterpropaga- 
ting  traveling  wave  modes  affects  the  character  of  the  emitted  light.  A 
thorough  theoretical  treatment  of  the  ring  laser  was  developed  (refs,  1,7, 

14.15.18.20.25.27)  and  this  was  tested  by  photoelectric  measurements  of  the 
photon  statistics  (refs.  9,10,13,26,27,29)  and  the  beam  divergence  (ref.  22). 
It  was  shown  that  a  ring  laser  can  simultaneously  emit  one  beam  of  coherent 
light  and  one  beam  of  incoherent  light.  When  the  gain  medium  is  homogeneously 
broadened,  as  in  a  dye  ring  laser,  the  excitation  switches  spontaneously 
between  the  two  modes  under  the  influence  of  quantum  fluctuations,  and  the 
nature  of  the  switching  phenomenon  was  investigated  (refs.  18,20,25,26,27, 
29,30).  The  phenomenon  of  optical  bistability  in  lasers  was  studied  (refs. 

19.20.21.23.26.27) ,  together  with  the  coherence  properties  of  dye  lasers 
(refs.  2,3,11,15.17,30).  The  question  how  cavity  length  affects  the  fluctua¬ 
tion  properties  of  a  single-mode  laser  was  also  investigated  (refs.  8,12). 

In  addition,  contributions  were  made  to  optical  coherence  theory  (refs.  4, 
16,28,31,32,33)  ,  to  photoelectric  detection  (refs.  4,6,24),  and  to  the 
problem  of  optical  communication  (ref.  5) . 

3.  Research  Publications  and  Abstracts 


The  following  papers  were  published  or  are  now  in  press  as  a  result  of 
the  research  carried  out  under  the  AFOSR  grant: 

1.  "Mode  Coupling  and  Detuning  in  a  Ring  Laser", 

M.  M-Tehrani  and  L.  Handel,  Opt.  Commun.  1^,  16-20  (1976). 

It  is  shown  that  the  mode  coupling  constant  for  a  ring  laser  is  not  arbi¬ 
trary  but,  to  a  first  approximation,  is  coii|)letely  determined  by  the  detuning 
of  the  laser  cavity  from  line  center.  In  the  limit  far  above  threshold,  it 
becomes  equal  to  the  negative  of  the  intensity  cross-correlation  coefficient, 
and  its  functional  dependence  on  detuning  should  therefore  be  demonstrable 
by  photoelectric  correlation  measurements. 
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2.  "Long-Term  Freqviency  and  Intensity  Stabili ration  of  &  CH  Dye  Laser", 

J.A.  Abate,  J.  Appl.  Phys.  47^,  1464-1466  (1976). 

A  method  to  stabilize  the  output  frequency  and  intensity  of  a  cw  dye 
laser  for  periods  of  several  hours  is  described.  The  dye  laser  frequency  is 
controlled  by  a  servo  system  which  locks  it  to  a  Lamb-dip  stabilized  He:Ne 
laser  to  an  accuracy  better  than  1  Wz  with  the  help  of  a  scanning  Fabry- 
Perot  interferometer.  The  dye  laser  intensity  is  controlled  to  better  than 
1%  by  direct  control  of  the  punning  source. 

3.  "Photon  Statistics  of  a  Dye  Laser", 

J.A.  Abate,  H.J.  Kinble  and  L.  Mandel,  Phys.  Rev.  A  788-795  (1976). 

The  fluctuation  properties  of  a  cw  dye  laser,  puiqped  by  an  argon-ion 
laser,  have  been  investigated  by  photon  counting  and  two-time  correlation 
measurements.  The  results  show  significant  departures  from  the  usual  single¬ 
mode  laser  theory  in  the  region  of  threshold  and  below.  However,  there  are 
indications  that  the  departures  may  be  due  to  extraneous  rather  than  intrin¬ 
sic  effects,  and  when  these  effects  are  subtracted  out,  the  results  are  in 
substantial  agreement  with  the  predictions  of  the  usual  theory. 

4.  "Stimulated  Emission  .and  Photon  Correlations", 

L.  Mandel,  Phys.  Rev.  A  14 ,  2351-2354  (1976). 

It  is  pointed  out  that  photoelectric  counting  correlations  in  an  elec¬ 
tromagnetic  field  that  are  associated  with  induced  and  spontaneous  emission 
at  the  source,  and  the  so-called  Hanbury  Brown-Twiss  effect,  are  indistin¬ 
guishable  effects.  It  is  shown  by  examples  that  interference  effects  involv¬ 
ing  the  stimulated  emission  may  be  regarded  as  a  source  of  the  counting 
correlations.  The  results  reported  in  a  recent  experiment  of  Scarl  and 
Smith  are  therefore  readily  understandable. 

5.  "Ideal  Light  Source  for  an  Optical  Communication  Channel", 

L.  Mandel,  J.  Opt.  Soc.  Am.  968-970  (1976). 

It  is  shown  that,  in  principle,  there  exists  a  light  source  giving  a 
higher  information  rate  per  symbol  in  an  optical  communication  channel  than 
a  single-mode  laser.  Such  a  source  emits  a  definite  number  of  photons  per 
symbol.  A  possible  form  for  this  source  is  suggested,  and  the  corresponding 
information  rates  are  conpared. 

6.  "Photoelectric  Counting  Measurements  as  a  Test  for  the  Existence  of  Photons", 

L.  Mandel,  J.  Opt.  Soc.  Am.  1101-1104  (1977). 

It  is  pointed  out  that  it  is  impossible  to  distinguish  between  photons 
and  classical  wave  packets  by  measurement  of  photoelectric  counting  statis¬ 
tics  for  any  state  of  a  light  beam  for  which  a  classical  description  exists. 
Therefore,  an  experiment  with  a  thermal  light  source  recently  proposed  by 
Karp  as  a  test  for  the  existence  of  photons  can  yield  no  information  on  this 
question,  even  if  it  should  be  able  to  distinguish  between  two  different 
statistical  models  of  a  light  beam.  The  quantum  nature  of  the  optical  field 
can,  however,  be  inferred  from  other  photoelectric  measurements,  some  of 
which  are  briefly  discussed. 
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"Coherence  Theory  of  the  Ring  Laser", 

M.  M- Tehran!  and  L.  Mandel,  Phys.  Rev.  AH.*  677-693  (1978). 

Expressions  for  the  fluctuations  and  correlations  of  the  light  emitted 
by  a  ring  laser  with  counter-rotating  traveling  wave  modes  are  derived  theore¬ 
tically.  It  is  shown  that  the  competition  of  the  two  modes  for  the  excited 
atomic  population  leads  to  negative  correlations  between  their  intensity 
fluctuations,  whose  magnitude  depends  on  the  detuning  of  the  laser  cavity 
from  the  atomic  line  center.  As  a  result  of  the  mode  con^etition,  the  rela¬ 
tive  intensity  fluctuations  do  not  die  out  in  general  as  the  working  point 
of  the  laser  is  raised  above  threshold  at  line  center,  and  the  emitted  light 
does  not  become  fully  coherent  as  in  a  conventional  laser.  The  two-time  ampli¬ 
tude  and  intensity  correlation  functions  of  the  light  are  calculated  at  line 
center,  and  are  shown  to  be  expressible  in  terms  of  the  eigenfunctions  and 
eigenvalues  of  a  certain  Schrodinger  equation,  in  complete  analogy  with  the 
theory  of  the  single-mode  laser.  However,  the  intensity  correlation  time 
increases  with  pump  parameter  above  threshold,  unlike  that  for  the  single¬ 
mode  laser. 

8.  "Laser  Statistics  and  Cavity  Length", 

L.  Allen,  C.-Y.  Huang  and  L.  Mandel,  Opt.  Conunun.  2^,  2S1-254  (1977). 

The  effect  on  the  optical  field  of  changing  the  cavity  length  of  a  laser, 
while  keeping  the  resonance  frequency  constant,  is  examined.  It  is  shown 
that  the  fully  quantized  laser  theory  gives  explicit  expressions  for  the 
length  dependence  of  the  light  intensity  distribution,  that  are  not  shared  by 
the  semiclassical  theory,  and  are  quite  different  above,  at,  and  below  / 
threshold.  Some  possible  experiments  are  suggested. 

/ 

9.  "Mode  Competition  in  a  Ring  Laser  at  Line  Center", 

M.  M- Tehran!  and  L.  Mandel,  Optics  Letters  1^,  196-198  (1977). 

The  fluctuations  and  correlations  of  the  light  intensities  associated 
with  the  two  counter-rotating  inodes  of  a  ring  laser  have  been  investigated 
by  measurement  of  the  photoelectric  counting  statistics.  With  the  laser  tuned 
to  line  center,  it  is  found  that  the  weaker  mode  intensity  does  not  grow  with 
increasing  pump  parameter  above  threshold  and  that  its  relative  intensity 
fluctuations  do  not  die  out,  as  in  a  conventional  laser,  but  become  thermal 
instead.  The  cross -correlation  coefficient  tends  toward  a  constant  negative 
value.  The  results  are  all  in  substantial  quantitative  agreement  with  the 
theory. 

10.  "Intensity  Fluctuations  in  a  Two-Mode  Ring  Laser", 

M.  M- Tehran!  and  L.  Mandel,  Phys.  Rev.  A  17^,  694-700  (1978). 

The  light  intensities  of  the  two  counter-rotating  modes  of  a  ring  laser 
have  been  investigated  by  photoelectric  counting  measurements  near  the  laser 
threshold  and  for  various  detunings.  The  results  are  found  to  be  in  good 
quantitative  agreement  with  the  theory.  They  confirm  that,  at  the  line  center 
competition  effects  prevent  the  light  output  in  one  mode  from  growing  and 
becoming  coherent  as  the  punp  parameter  is  increased.  Instead  the  relative 
intensity  fluctuations  of  this  mode  become  unity,  as  for  thermal  light.  Nega¬ 
tive  cross  correlations  between  the  intensity  fluctuations  of  the  two  modes 
are  also  measured.  The  competition  effects  virtually  disappear  when  the 
laser  is  detuned  three  natural  linewidths  from  line  center,  and  an  inter¬ 
mediate  situation  is  found  for  smaller  detuning. 
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11.  "Dye  Laser  Statistics  and  the  Phase  Transition", 

R.  Roy  and  L.  Mandel,  Opt.  Commun.  306-310  (1977). 

By  an  analytic  examination  of  the  photon  probability  distribution  de¬ 
rived  by  Schaefer  and  Willis  it  is  shown  that,  under  the  conditions  for  a 
second  order  phase  transition,  the  dye  laser  statistics  may  be  indistinguish¬ 
able  from  those  of  a  conventional  laser,  despite  the  presence  of  the  triplet 
states.  Under  the  conditions  for  a  first  order  phase  transition  the  statis¬ 
tics  change,  and  for  some  combinations  of  parameters  the  change  is  manifest 
in  the  behavior  of  the  normalized  second  factorial  moment  of  the  photon 
number.  Curves  are  presented  that  should  be  directly  verifiable  by  photo¬ 
electric  counting  experiments. 

12.  "Effect  of  Optical -Cavity  Length  on  Laser  Photon  Statistics", 

C.-Y.  Huang  and  L.  Mandel,  Phys.  Rev.  A  644-654  (1978). 

The  question  of  how  the  light  output  of  a  laser  and  its  fluctuations 
depend  on  the  optical-cavity  length  at  a  given  frequency  is  investigated 
theoretically  for  a  laser  oscillating  in  a  single  Gaussian  mode.  The  treat¬ 
ment  is  quantum  mechanical,  and  is  based  on  the  Scully-Lamb  laser  model, 
except  that  a  perturbation  expansion  is  used  and  possible  cooperative  atomic 
effects  are  included.  It  is  shown,  with  the  help  of  some  reasonable  approxi¬ 
mations,  that  the  probability  distribution  of  the  photon-occupation  number 
can  be  cast  into  a  form  that  is  similar  to  the  Scully-Lamb  formula,  but  with 
coefficients  that  depend  on  cavity  length  in  a  more  complicated  way.  Curves 
are  presented  that  illustrate  the  behavior  and  should  lend  themselves  to 
experimental  test. 

13.  "Mode  Competition  and  Anti-Correlations  in  a  Ring  Laser", 

L.  Mandel,  in  Optica  Hoy  Y  Manana- ICO- 11,  eds.  J.  Bescos,  A.  Hidalgo, 

L.  Plaza  and  J.  Santamaria  (Sociedad  Espanola  de  Optica,  Madrid, 

1979)  pp.  441-451. 

The  ring  laser  has  the  interesting  property,  when  it  is  tuned  close  to 
the  center  of  the  atomic  resonance,  that  it  can  simultaneously  emit  both 
coherent  and  incoherent  light  beams.  This  phenomenon  can  be  attributed  to 
the  competition  between  the  two  counter-rotating  modes  for  the  same  inverted 
atomic  population,  a  competition  that  one  mode  always  wins  in  the  end.  The 
coherence  and  fluctuation  properties  of  a  two-mode  ring  laser  have  recently 
been  investigated  both  theoretically*  and  experimentally.*  The  theory  is 
based  on  the  solution  of  a  Fokker-Planck  equation  and  is  a  generalization 
of  an  earlier  treatment  by  Grossmann  and  Richter.*  For  a  laser  operating 
at  line  center,  the  analysis  is  carried  as  far  analytically  as  the  well  known 
treatments  of  the  single-mode  laser.  Experiments  that  have  been  carried  out 
are  all  in  quantitative  agreement  with  the  theory,  and  show  that,  at  the  line 
center,  atomic  competition  effects  prevent  the  light  output  in  one  mode  from 
growing  and  becoming  coherent  as  the  pump  parameter  is  increased.  Instead,  the 
intensity  fluctuations  of  this  mode  become  thermal,  and  the  correlation  coef¬ 
ficient  between  the  intensity  fluctuations  of  the  two  modes  tends  towards  -1. 
The  competition  effects  die  out  when  the  laser  is  detuned  a  few  natural  line- 
widths  from  the  atomic  line  center. 

*M.  M-Tehrani  and  L.  Mandel,  Phys.  Rev.  A  677  (1978). 

*M.  M-Tehrani  and  L.  Mandel,  Phys.  Rev.  A  17,  694  (1978). 

*S.  Grossmann  and  P.M.  Richter,  Z.  Phys.  249,  43  (1971). 


7. 


14.  "Correlation  Functions  of  the  Two-Mode  Ring  Laser", 

F.T.  Hioe,  Surendra  Singh  and  L.  Mandel,  Phys.  Rev.  A  !£,  2036-2045  (1979). 

The  intensity  and  amplitude  correlation  functions  of  the  optical  field 
of  a  ring  laser  at  line  center  are  calculated,  under  conditions  when  the  two 
pump  parameters  corresponding  to  the  counter-rotating  traveling  wave  modes 
are  not  necessarily  equal.  This  represents  a  generalization  of  earlier  treat¬ 
ments  by  M-Tehrani  and  Mandel  (1978)  and  Hioe  (1978).  The  laser  is  assumed 
to  be  at  rest.  A  perturbative  technique  is  used  to  express  the  correlation 
functions  for  a  small  difference  e  of  pump  parameters  in  terms  of  the  solutions 
for  e  =  0.  It  is  found  that  the  cross  correlations  are  imchanged  to  the  first 
order  in  e,  whereas  the  autocorrelations  both  of  the  light  amplitude  and  of 
the  light  intensity  are  modified.  Curves  are  presented  to  illustrate  the 
behavior. 

15.  "Photon  Distributions  of  Lasers  with  First-Order  Phase-Transition 

Analogies", 

Rajarshi  Roy,  Phys.  Rev.  A  20 ,  2093-2104  (1979). 

The  photon-number  distributions  for  a  laser  with  a  saturable-absorber 
and  a  dye  laser  are  obtained  by  extensions  of  the  Scully  and  Lamb  optical- 
maser  theory.  Tlie  results  are  shown  to  be  in  correspondence  with  those  of 
Lugiato  et  al.  for  the  saturable-absorber  laser  and  with  those  of  Schaefer 
and  Willis  for  the  dye  laser.  Moreover,  they  are  in  a  form  which  clearly 
shows  the  relation  between  the  saturable-absorber  laser  and  the  dye  laser. 

The  thermodynamic  potentials  for  the  first-order  phase-transition  analogy 
are  calculated  and  are  found  to  be  of  the  form  predicted  by  Scott,  Sargent 
and  Cantrell  using  semiclassical  equations. 

16.  "Photon  Occupation  Numbers  in  Blackbody  Radiation", 

L.  Mandel,  J.  Opt.  Soc.  Am.  1038-1039  (1979). 

It  is  shown  that  the  total  number  of  photons  per  unit  cell  of  phase 
space,  either  within  a  blackbody  radiation  field  or  in  the  far-field  of  a 
blackbody  source,  is  always  of  order  unity. 

17.  "The  Dye  Laser  and  Laser  with  a  Saturable  Absorber:  A  Comparison  of 

the  Time- Dependent  Density  Matrix  Equations", 

Rajarshi  Roy,  Opt.  Commun.  90-94  (1979). 

It  is  shown  that  the  general  time-dependent  equation  for  the  matrix 
elements  of  the  dye  laser  field  is  identical  in  form  to  that  for  the  laser 
with  a  saturable  absorber  to  order  l/nn,  where  kq  is  the  mean  number  of 
photons  at  threshold.  The  parameters  or  the  saturable  absorber,  have,  of 
course,  to  be  replaced  by  the  appropriate  parameters  of  the  dye  molecule. 

18.  "Mode  Competition  in  a  Homogeneously  Broadened  Ring  Laser", 

Surendra  Singh  and  L.  Mandel,  Phys.  Rev.  A  2459-2463  (1979). 

The  equations  previously  derived  for  the  intensity  fluctuations  of  a 
two-mode  ring  laser  are  applied  to  a  homogeneously  broadened  laser.  It  is 
shown  that  the  mean  light  intensity  of  the  more  lossy  mode  passes  through  a 
maximum  and  then  tends  to  zero  as  the  excitation  is  increased.  The  probability 
distribution  of  the  intensity  of  each  mode  may  exhibit  two  peaks,  and  spon¬ 
taneous  switching  between  the  intensities  associated  with  the  peaks  may  occur. 
This  is  manifest  in  relative  intensity  fluctuations  of  the  more  lossy  mode 
that  can  be  much  greater  than  unity.  Estimates  are  given  for  the  characteris¬ 
tic  switching  time. 
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19.  "Analytic  Solutions  of  the  Optical  Bistability  Equations  for  a  Standing 

Wave  Cavity", 

Rajaishi  Roy  and  M.S.  Zubairy,  Opt.  Commun.  163-168  (1980). 

The  problem  of  optical  bistability  in  a  standing  wave  cavity  in  the  steady 
state  leads  to  a  pair  of  coupled,  nonlinear,  ordinary  differential  equations 
for  the  forward  and  backward  waves.  Only  numerical  solutions  have  so  far  been 
presented  for  these  equations.  VVe  give  their  exact  analytic  solutions  and  find 
good  agreement  with  the  numerical  results.  The  exact  solutions  are  shown  to 
reduce  to  the  mean  field  equation  for  the  input  and  output  fields  in  the 
double  limits  T  ->•  0  and  oL  -►  0  for  the  mirror  transmission  and  the  linear 
absorption  coefficient,  respectively. 

20.  "Quantum  Theory  of  a  Two-Mode  Laser  with  Coupled  Transitions", 

Surendra  Singh  and  M.S.  Zubairy,  Phys.  Rev.  A  21_,  281-292  (1980). 

The  quantum  statistical  properties  of  the  optical  field  of  a  two-mode 
laser  with  two  coupled  transitions  have. been  studied  using  a  generalization 
of  the  Scully  and  Lamb  (1967)  theory.  The  photon  number  distribution  and 
the  mode  intensity  distribution  are  obtained  in  the  steady  state  for  a  system 
of  homogeneously  broadened  atoms  in  resonance  with  the  laser  field.  It  is  shown 
that  the  mode  coupling  constant  C  is  unity  and  that  near  threshold  the  results 
of  earlier  treatments  are  recovered.  Furthermore,  it  is  shown  that  certain 
limit  measures  for  the  relative  intensity  fluctuations  predicted  by  the  semi- 
classical  Fokker-Planck  treatments  based  on  the  third  order  theory  are  valid 
even  in  the  limit  of  arbitrarily  high  gain  levels. 

21.  "Beyond  the  Mean  Field  Theory  of  Dispersive  Optical  Bistability", 

Rajarshi  Roy  and  M.S.  Zubairy,  Phys.  Rev.  A  274-280  (1980). 

The  problem  of  dispersive  optical  bistability  has  so  far  been  treated 
only  in  the  mean-field  approximation.  A  rigorous  justification  of  the  mean- 
field  theory  can  only  be  obtained  from  exact  solutions  of  the  steady  state 
Maxwell-Bloch  equations  which  retain  the  spatial  dependence  of  the  field  In 
this  paper,  we  present  exact  analytic  solutions  to  these  equations.  We  demon¬ 
strate  that  the  mean  field  equation  connecting  the  input  and  the  output  fields 
follows  naturally  from  these  solutions  in  the  limits  T  ->•  0,  6p  -*■  0  and  aL  -*■  0 
for  the  mirror  transmission  coefficient,  the  detuning  of  the  field  from  the 
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cavity  resonance  and  the  linear  absorption  respectively,  with  snd  re¬ 
maining  finite.  No  constraint  is  placed  on  the  detuning  of  the  laser  field 
from  the  atomic  resonance  frequency.  We  illustrate  our  results  with  the  help 
of  graphs  showing  the  output  intensity  vs.  the  input  intensity  for  different 
values  of  the  relevant  parameters.  The  effect  of  these  parameters  on  the  phase 
shift  of  the  output  field  is  also  displayed. 

22.  "Effect  of  Mode  Competition  on  Beam  Divergence  in  a  Ring  Laser", 

Surendra  Singh  and  L.  Mandel,  J.  Opt.  Soc.  Am.  7£,  252-253  (1980). 

Beam  profiles  of  the  two  light  beams  produced  by  a  ring  laser  have  been 
measured,  corresponding  to  waves  traveling  in  opposite  directions  around  the 
ring.  It  is  found  that  the  two  beam  profiles  do  not  change  significantly  as 
the  cavity  detuning  from  line  center  is  reduced  from  several  natural  line- 
widths  to  zero,  even  though  this  is  accompanied  by  large  changes  in  the  inten¬ 
sities  and  the  fluctuations  of  the  two  light  beams. 
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23.  "Bistability  and  Intensity  Fluctvntions  in  Zeeman  Lasers  and  Amplifiers", 

Surendra  Singh,  Opt.  Commun.  32,  339-344  (1980). 

It  is  «!.own  that  the  fluctuation  properties  of  certain  Zeeman  lasers  and 
amplifiers  are  expected  to  exhibit  a  sudden  change  when  the  coupling  constant 
5  is  varied  near  C  =  1.  The  possibility  of  a  phase  transition  at  ^  =  1  is 
discussed  and  fluctuation  properties  both  above  and  below  this  point  are  in¬ 
vestigated  using  some  previously  derived  equations  for  two-mode  lasers. 

24.  "Inversion  Problem  in  Photon  Counting  with  Dead  Time", 

L.  Mandel,  J.  Opt.  Soc.  Am.  70,  873-874  (1980). 

It  is  shown  that  the  formula  for  the  probability  of  photoelectric  count¬ 
ing  of  light  in  a  short  time  in  the  presence  of  nonparalyzable  counter  dead¬ 
time  effects  may  be  inverted  exactly.  This  allows  the  counting  probability 
for  an  ideal  dead-time-less  counter  to  be  derived  from  the  probability  meas¬ 
ured  with  a  real  counter,  without  prior  knov;ledge  of  the  light  intensity 
fluctuations. 

25.  "Quantum  Statistical  Theory  of  the  Ring  Laser", 

Surendra  Singh,  Phys.  Rev.  A,  to  be  published  (1980). 

A  unified  quantum  treatment  is  presented  for  bidirectional  two-mode  ring 
lasers  using  the  approach  of  Haken  and  co-workers.  Equations  of  motion  for  the 
reduced  density  matrix  of  the  field  have  been  derived  and  used  to  study  the 
fluctuation  properties  of  the  radiation  field  in  different  kinds  of  active 
media.  The  steady  state  photon  niunber  distribution  for  an  inhomogeneous ly 
broadened  gas  ring  laser  is  derived.  It  is  shown  that  for  equal  losses  the 
relative  fluctuations  and  normalized  cross-correlation  of  the  photon  numbers 
approach  values  1/3  and  -1/3,  respectively,  for  large  excitations.  For  unequal 
losses  the  laser  may  emit  t)'pical  single-mode  laser  radiation  in  the  direc¬ 
tion  of  the  favored  mode  and  typical  equilibrium  blackbody  radiation  in  the 
direction  of  the  weaker  mode.  Our  results  generally  agree  with  the  predictions 
of  earlier  treatments  when  the  losses  are  equal.  However,  for  unequal  losses 
we  predict  different  behavior  for  large  excitations.  Effects  of  detuning, 
spatial  and  temporal  variation  of  atomic  inversion  on  the  fluctuation  proper¬ 
ties  have  been  investigated  in  the  coherent  state  diagonal  representation  of 
the  density  matrix,  and  steady  state  intensity  distributions  have  been  derived 
for  various  kinds  of  active  atoms.  It  is  shown  that  for  inhomogeneous ly  broad¬ 
ened  solid  state  ring  lasers  spatial  inhomogeneities  may  couple  the  modes  strongly 
and  the  statistical  properties  of  such  lasers,  characterized  by  a  double-peaked 
intensity  distribution  and  large  relative  intensity  fluctuations,  may  be  similar 
to  those  of  a  homogeneously  broadened  ring  laser.  Curves  are  presented  to  illus¬ 
trate  the  behavior. 

26.  "Optical  Bistability  and  First  Order  Phase  Transition  in  a  Ring  Dye  Laser", 

Rajarshi  Roy  and  L.  Mandel,  Opt.  Conmun.  133-156  (1980). 

The  probability,  distribution  of  photoelectric  counting  has  been  measured 
for  each  of  the  two  counter-propagating  travel ling-wave  modes  of  a  ring  dye  laser. 
Each  distribution  is  found  to  be  double-peaked.  The  system  exhibits  quasi-bista¬ 
bility,  with  spontaneous  switching  between  states,  and  the  relative  intensity 
fluctuation  of  the  weaker  mode  is  greater  than  unity.  These  features  are  charac¬ 
teristic  of  a  first  order  phase  transition. 
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"Optical  Bistability  Effects  in  a  Dye  Ring  Laser", 

L.  Mandel,  Rajarshi  Roy  and  Surendra  Singh,  in  Optical  Bistability,  eds. 
C.M,  Bowden,  M.  Ciftan  and  H.  Robl  (Plenum  Press,  New  York,  N.Y.,  1980) 
in  press. 

The  theory  of  a  homogeneously  broadened  two-mode  ring  laser  is  discussed. 
Because  the  mode  coupling  constant  can  be  twice  as  great  as  under  conditions 
of  inhomogeneous  broadening,  new  effects  like  quasi-bistability  appear,  and 
the  radiation  field  undergoes  a  phase  transition  near  threshold  that  is  of 
the  first  order.  This  is  reflected  in  a  double-peaked  probability  distribu¬ 
tion  of  each  mode  intensity,  and  in  alternate  switchi.ig  of  the  excitation 
between  modes,  A  first  passage  time  calculation  shows  that  the  dwell  times 
should  increase  rapidly  with  excitation.  These  predictions  are  tested  by 
photoelectric  counting  and  other  measurements  on  a  dye  ring  laser.  Although 
the  observed  photoelectric  counting  distributions  closely  resemble  the  theore¬ 
tical  ones,  measurements  of  the  dwell  times  reveal  significant  discrepancies 
between  theory  and  experiment,  that  are  believed  to  be  due  to  backscattering. 
The  adequacy  of  a  theory  based  on  two- level  atom  models  in  accounting  for 
the  behavior  of  a  dye  ring  laser  is  briefly  discussed. 

28.  "Photoelectric  Correlations  and  Fourth  Order  Coherence  Properties  of 
Optical  Fields", 

L.  Mandel,  in  Optics  in  Four  Dimensions  (Proc.  of  International  Com¬ 
mission  for  Optics  Conference,  Ensenada,  Mexico,  August  1980)  (American 
Institute  of  Physics,  New  York,  N.Y.,  1980)  in  press. 

Photoelectric  correlation  measurements  of  optical  fields  are  now  becoming 
commonplace  and,  as  is  well  known,  they  require  fourth  order  correlation  func¬ 
tions  of  the  field  for  a  description.  Nevertheless,  the  fourth  order  theory  of 
optical  coherence  has  not  received  a  great  deal  of  attention.  This  is  the  sub¬ 
ject  of  the  present  paper.  When  interference  effects  are  combined  with  inten¬ 
sity  correlations,  we  encounter  correlation  functions  of  the  general  form 

r(2.2)  -  <v*(r^,tpV*(r2,t2)V(r3,t3)V(r4.t^)>  , 

which  are  functions  of  four  space-time  arguments.  Some  properties  of  such 
fourth  order  correlations,  as  they  relate  to  interference  and  intensity  corre¬ 
lation  effects,  are  derived.  The  space  arguments  are  generally  suppressed  in 
the  calculation.  The  correlation  functions  are  expressible  as  multiple  Fourier 
transforms  of  certain  fourth  order  spectral  densities,  which  are  functions  of 
three  frequencies  in  the  stationary  state. 

The  superposition  law  for  fourth  order  spectral  densities  is  derived  for 
independent  light  beams,  and  it  is  shown  that  the  fourth  order  spectral  densi¬ 
ties  exhibit  the  reproducing  property  under  superposition  only  when  the  light 
obeys  thermal  statistics.  Next  the  superposition  law  is  found  for  the  spectral 
densities  of  the  photoelectric  signals  generated  by  light  beams  falling  on 
photodetectors.  Investigation  of  the  photoelectric  signal  spectrum  yields 
information  on  the  spectrum  of  the  light  intensity  fluctuations,  and  removes 
the  measurement  from  the  domain  of  optics  to  the  domain  of  electronics.  It  is 
shown  that  the  photoelectric  spectral  densities  reproduce  under  superposition 
when  the  two  light  beams  in  question  obey  a  certain  factorization  condition, 
that  is  analogous  to  the  cross-spectral  purity  condition  for  second  order 
correlations.  Finally,  it  is  shown  that,  under  certain  circumstances,  all  the 
relevant  fourth  order  correlation  properties  of  the  optical  field  are  expressi¬ 
ble  in  terms  of  simpler  two-frequency  spectral  functions. 
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29.  "Effect  of  Backscattering  on  the  Behavior  of  a  Dye  Ring  Laser", 

Rajarshi  Roy  and  L.  Mandel,  Opt.  Comnun. ,  to  be  published  (1980). 

The  effect  of  backscattering  on  the  behavior  of  a  dye  ring  laser  is  inves¬ 
tigated  by  photoelectric  counting  measurements.  It  is  found  that  there  exist 
two  laser  regimes,  a  low  backscattering  regime  in  which  the  laser  exhibits 
meta-bistability  and  random  mode  switching,  and  a  high  backscattering  regime 
in  which  switching  is  suppressed.  In  the  latter  case  the  photon  statistics 
are  similar  to  those  of  a  single-mode  standing  wave  dye  laser. 

30.  "First  Passage  time  Distributions  under  the  Influence  of  Quantum  Fluc¬ 

tuations  in  a  Laser", 

Rajarshi  Roy,  R.  Short,  J.  Dumin  and  L.  Mandel,  Phys.  Rev.  Lett., 
to  be  published  (1980). 

The  distribution  of  first  passage  times  is  calcula'.ed  for  a  homogeneously 
broadened  two-mode  laser,  that  is  characterized  by  a  bistable  potential.  As  a 
consequence  of  quantum  fluctuations,  such  a  system  tends  to  switch  spontaneously 
between  the  two  metastable  states.  The  results  of  the  calculation  are  compared 
with  first  passage  time  measurements  of  a  two-mode  dye  laser. 

31.  "Intensity  Correlation  Time  of  an  Optical  Field", 

L.  Mandel,  Opt.  Commun.,  to  be  published  (1980). 

A  measure  of  the  time  for  which  intensity  correlations  persist  in  a 
stationary  optical  field,  suitable  for  both  classical  and  quantum  fields,  is 
proposed,  and  illustrated  by  several  examples. 

32.  "Complete  Coherence  in  the  Space-Frequency  Domain”, 

L.  Mandel  and  E.  Wolf,  J.  Opt.  Soc.  Am.,  to  be  published  (1981). 

An  expression  is  derived  for  the  general  form  of  the  cross-spectral  den¬ 
sity  of  a  field  that  is  spatially  fully  coherent,  throughout  some  region  of 
space,  at  some  particular  frequency  w. 

33.  "Carrier  Frequency  and  Envelope  of  an  Electromagnetic  Wave", 

L.  Mandel,  J.  Opt.  Soc.  Am.,  to  be  published  (1931). 

Two  commonly  used  envelope  representations  of  an  electromagnetic  wave 
are  compared.  The  analytic  signal  representation  is  shown  to  be  preferable, 
in  the  sense  that  it  leads  to  a  more  slowly  varying  envelope. 

34.  Coherence  and  Quantum  Optics  IV,  eds.  L.  Mandel  and  E.  Wolf  (Plenum 
Press,  New  York,  N.Y.,  1978)  1011  pp. 

Proceedings  of  the  Fourth  Rochester  Conference  on  Coherence  and  Quantum 
Optics,  University  of  Rochester,  Rochester,  N.Y.,  June  8-10,  1977. 
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4.  Lectures  and  Papers  Presented  at  Meetings 

The  following  lectures  dealing  with  the  research  were  presented  at  vari¬ 
ous  scientific  meetings  and  research  seminars: 

1.  "Spectral  Coherence  and  the  Concept  of  Cross-Spectral  Purity". 

L.  Mandel  and  E.  Wolf,  The  Optical  Society  of  America  Annual  Meeting, 
Boston,  Mass,,  October  23,  1975. 

2.  "Do  We  Need  Photons  in  the  Optical  Domain?", 

L.  Mandel,  Department  of  Physics  Colloquiiun,  S.U.N.Y.  at  Buffalo, 
Amherst,  N.Y.,  October  30,  1975. 

3.  "Do  We  Need  Photons  in  the  Optical  Domain?", 

L.  Mandel,  Department  of  Physics  Colloquium,  S.U.N.Y.  at  Stony  Brook, 
Stony  Brook,  N.Y.,  November  12,  1975. 

4.  "Quantum  and  Non-Quantum  Effects  in  the  Interaction  between  Atoms  and 

Light",  (Invited  Paper) 

L.  Mandel,  The  American  Physical  Society  Meeting,  New  York  City,  N.Y., 
February  5,  1976. 

5.  "Correlation  Properties  of  a  Dye  Laser", 

J.A.  Abate,  H.J.  Kimble  and  L.  Mandel,  The  American  Physical  Society 
Meeting,  New  York  City,  N.Y.,  February  4,  1976. 

6.  "Are  Photons  Necessary  in  Optics?", 

L.  Mandel,  Science  and  Technology  Colloquium,  Oak  Ridge  National  Labora 
tory.  Oak  Ridge,  Tenn. ,  May  13,  1976. 

7.  "Dye  Laser  Experiments", 

J.  Abate,  Colloquium  at  Kirtland  AFB,  New  Mexico,  May  25,  1976. 

8.  "Do  We  Need  QED  in  Optics?", 

L.  Mandel,  Physics  Division  Colloquium,  Argonne  National  Laboratory, 
Argonne,  Ill.,  June  4,  1976. 

9.  "Superradiance  and  Optical  Free  Induction",  (Invited  Paper) 

L.  Mandel,  Joint  Meeting  of  the  American  Physical  Society  and  the 
Canadian  Association  of  Physicists,  Quebec  City,  Canada,  June  14,  1976. 

10.  "The  Ideal  Light  Source  for  an  Optical  Communication  Channel", 

L.  Mandel,  The  Optical  Society  of  America  Meeting,  Tucson,  Ariz., 
October  19,  1976. 

11.  "Mode  Correlations  in  a  Ring  Laser", 

M.  M- Tehran!  and  L.  Mandel,  The  Optical  Society  of  America  Meeting, 
Tucson,  Ariz.,  October  22,  1976. 

12.  "Photon  Statistics  of  a  Dye  Laser", 

J.  Abate,  Quantum  Optics  Seminar,  University  of  Rochester,  Rochester, 

N. Y.,  October  26,  1976. 
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13.  "Experimental  Work  with  Dye  Lasers", 

L.  Mandel,  Department  of  Physics  Colloquium,  Rochester  Institute  of 
Technology,  Rochester,  N.Y.,  November  3,  1976. 

14.  "Fundamental  Limits  of  an  Optical  Communication  Channel", 

L.  Mandel,  Seminar  at  Wright -Patterson  AFB,  Dayton,  Ohio,  March  10,  1977. 

15.  "Correlation  Functions  of  the  Light  Emitted  by  a  Two-Mode  Ring  Laser", 

M.  M-Tehrani  and  L.  Mandel,  The  American  Physical  Society  Meeting, 
Washington,  D.C.,  April  27,  1977. 

16.  "Photon  Statistics  of  a  Dye  Laser", 

H.J.  Kimble,  Seminar  at  Ford  Research  Laboratories,  Detroit,  Mich., 

May  3,  1977. 

17.  "Photon  Statistics  of  a  Dye  Laser", 

H.J.  Kimble,  Seminar  at  IBM,  Watson  Research  Center,  Yorktown  Heights, 

N. Y.,  May  18,  1977. 

18.  "Photon  Statistics  of  a  Dye  Laser", 

H.J.  Kimble,  Seminar  at  JILA,  University  of  Colorado,  Boulder,  Colo., 

May  20,  1977. 

19.  "Photon  Statistics  of  a  Dye  Laser", 

H.J.  Kimble,  Seminar  at  the  Division  of  Engineering  and  Applied  Physics, 
Harvard  University,  Cambridge,  Mass.,  June  6,  1977. 

20.  "Effect  of  Cavity  Length  on  the  Optical  Field  of  a  Laser", 

L.  Allen,  C.-Y.  Huang  and  L.  Mandel,  The  Optical  Society  of  America 
Meeting,  Toronto,  Canada,  October  12,  1977. 

21.  "Measurements  of  the  Photon  Statistics  of  a  Two-Mode  Ring  Laser", 

M.  M-Tehrani  and  L.  Mandel,  The  Optical  Society  of  America  Meeting, 
Toronto,  Canada,  October  11,  1977. 

22.  "Laser  Photon  Statistics  and  Cavity  Length", 

C.-Y.  Huang,  Quantum  Optics  Seminar,  University  of  Rochester,  Rochester, 

N. Y.,  February  14,  1978. 

23.  "Dependence  of  Laser  Photon  Statistics  on  Cavity  Length", 

C.-Y.  Huang  and  L.  Mandel,  The  American  Physical  Society  Meeting, 
Washington,  D.C.,  April  26,  1978. 

24.  "Mode  Competition  and  ^ticorrelations  in  a  Ring  Laser",  (Invited  Paper) 

L.  Mandel,  11 'th  Meeting  of  the  International  Commission  for  Optics, 
Madrid,  Spain,  September  12,  1978. 

25.  "Statistical  Theory  of  the  Dye  Laser", 

Rajarshi  Roy  and  L.  Mandel,  The  American  Physical  Society  Meeting, 
Washington,  D.C.,  April  24,  1979. 


14. 


26.  "Correlation  Functions  of  the  Light  from  a  Ring  Laser", 

Surendra  Singh,  F.T.  Hioe  and  L.  Mandel,  The  American  Physical  Society 
Meeting,  Washington,  D.C.,  April  24,  1979. 

27.  "Analytic  Study  of  Optical  Bistability  in  a  Standing  Wave  Cavity", 

Rajarshi  Roy  and  M.S.  Zubairy,  The  Optical  Society  of  America  Meeting, 
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